The DExD/H-box RNA-dependent ATPase Dbp5 plays an essential role in the nuclear export of mRNA. Dbp5 localizes to the nuclear pore complex, where its ATPase activity is stimulated by Gle1 and its coactivator inositol hexakisphosphate. Here, we present the crystal structure of the C-terminal domain of Dbp5, refined to 1.8 Å. The structure reveals a RecA-like fold that contains two defining characteristics not present in other structurally characterized DExD/H-box proteins: a C-terminal ␣-helix and a loop connecting ␤5 and ␣4, both of which are composed of conserved and unique elements in the Dbp5 primary sequence. Using structure-guided mutagenesis, we have identified several charged surface residues that, when mutated, weaken the binding of Gle1 and inhibit the ability of Gle1 to stimulate Dbp5's ATPase activity. In vivo analysis of the same mutations reveals that those mutants displaying the weakest ATPase stimulation in vitro are also unable to support yeast growth. Analysis of the correlation between the in vitro and in vivo data indicates that a threshold level of Dbp5 ATPase activity is required for cellular mRNA export that is not met by the unstimulated enzyme, suggesting a possible mechanism by which Dbp5's activity can be modulated to regulate mRNA export. crystal structure ͉ DExD/H-box ͉ nuclear pore complex N uclear mRNA export is an essential yet poorly understood step in the expression of all protein-encoding nuclear genes. mRNAs are synthesized in the nucleus, where they associate with several proteins into mRNA-protein complexes (mRNPs). mRNP composition changes during the process of mRNA maturation, which involves a number of modifications, including capping, splicing, and polyadenylation (1). All these processes seem to be interconnected to provide a mechanism by which only fully and correctly processed transcripts are competent for export to the cytoplasm and gain access to the translational machinery (2). mRNP export depends on the essential export receptor, a heterodimer of Mex67/Mtr2 (TAP/p15 in metazoans), which facilitates the passage of mRNAs through nuclear pore complexes (NPCs) by interacting with specific NPC components (3-5). Immunoelectron microscopy studies have revealed that mRNPs are remodeled during NPC engagement and export, with specific proteins dissociating from the mRNP at distinct stages of export (6). Proper remodeling during export is likely to be essential for providing directionality to the mRNA export process.
tions in DBP5 result in an accumulation of poly(A) RNA inside the nucleus, indicating a role for Dbp5 in mRNA export (7, 16) . In vivo, Dbp5 has been shown to associate with mRNPs early in their biogenesis, and Dbp5 is present in both the nuclear and cytoplasmic compartments (9, 17) . It is, however, enriched on the cytoplasmic face of the NPC via a direct interaction with the nucleoporin Nup159 (8, 9, 18) . Additionally, the ATPase activity of Dbp5 is stimulated by another NPC component, Gle1 (19, 20) . This activity is further stimulated by inositol hexakisphosphate (InsP 6 ), which binds directly to Gle1 and modulates the Dbp5-Gle1 interaction (19, 20) . A recent study has indicated that Dbp5 can function to remodel RNA-protein interactions in vitro because it is able to promote the dissociation of Nab2 from a Nab2-RNA complex (15) . Nab2 associates with polyadenylated RNA but is not found associated with polysomes, indicating that it dissociates from poly(A) RNA before translation (21) (22) (23) . Additionally, in vivo cross-linking studies have shown that reduced Dbp5 activity correlates with an increase in both Mex67 and Nab2 association with poly(A) RNA in vivo, consistent with the hypothesis that removal of these proteins from RNA is an in vivo function of Dbp5 (15, 24) .
Two recent studies have also implicated a role for Dbp5 and Gle1 in translation termination (25, 26) . Mutations in DBP5 and GLE1 result in both increased sensitivity to translation inhibitors and inefficient translation termination, suggesting a mechanistic coupling between the processes of mRNA export and translation (25, 26) .
In this study, we present the crystal structure of the C-terminal domain (CTD) of Dbp5 from Saccharomyces cerevisiae, demonstrating that Dbp5, like other structurally characterized DExD/ H-box proteins, adopts a RecA-like fold. Using structuredirected mutagenesis, we demonstrate that one surface of the CTD is a critical point of contact between Dbp5 and its activator Gle1. Point mutations that weaken the Gle1-Dbp5 interaction also lead to a reduced ability of Gle1 to activate Dbp5's ATPase activity in vitro. In vivo, these mutations display growth defects and accumulate poly(A) RNA in the nucleus, indicating a defect in mRNA export. Our data refine the model of Dbp5's ATPase activity's involvement in mRNA export, suggesting that a thresh- old of Dbp5 activation by Gle1 and InsP 6 is required for mRNA export. One intriguing implication of these data is the possibility that bulk mRNA export is affected in vivo by modulating Dbp5's ATPase activity, possibly under conditions of cellular stress.
Results
Crystal Structure of the CTD of Dbp5. To understand how Gle1 stimulates the activity of the DExD/H-box ATPase Dbp5, it is critical to identify the surface of Dbp5 required for the interaction with Gle1. The N-terminal domain of Dbp5 was previously shown to target Dbp5 to the NPC via its interaction with the nucleoporin Nup159, but no protein interaction partners for the CTD of Dbp5 have been characterized (18) . Studies on the eIF4A-eIF4G DEAD-box protein/activator complex revealed that the CTD of eIF4A contains the predominant eIF4G binding surface (27, 28) . Additionally, dominant mutations in Dbp5 that enhance Gle1 stimulation of Dbp5's ATPase activity are located in the CTD (19) . These observations led us to test whether Gle1 interacts with the CTD of Dbp5. Toward this goal, we determined and analyzed the crystal structure of the Dbp5 CTD at a resolution of 1.8 Å [supporting information (SI) Table S1 ]. The CTD adopts a RecA-like ␣␤␣ fold similar to those of other DEAD-box proteins (Fig. 1A) . This domain contains three conserved motifs: motifs IV and V, which are involved in substrate recognition, and motif VI, which participates in nucleotide binding. These motifs face the interdomain cleft when the CTD is modeled on the crystal structure of the full-length DEAD-box protein Vasa (Fig. 1B) . Vasa is a DEAD-box protein from Drosophila involved in germline development and was one of the earliest members of this family for which a crystal structure was obtained in the presence of an RNA substrate (29) .
When compared with other DEAD-box proteins, the CTD of Dbp5 possesses two unique features (Fig. 1C) . One feature is a 6-residue insertion in the loop connecting ␤5 and ␣4. This Dbp5-specific insertion is required for export of heat shock mRNAs at 42°C and bulk mRNA export at 42°C following preincubation at 37°C and has been proposed to function in the regulation of mRNA export under heat stress conditions (32) . The other feature is an ␣-helix at the C-terminus of the protein, representing a sequence element that is conserved in all Dbp5 homologs but is not present in other structurally characterized DEAD-box proteins.
Characterization of the Gle1 Interaction Surface on Dbp5. Comparison of the surface electrostatic potential of the CTDs of Dbp5 and eIF4A reveals some similarity in the charge distribution on the back surfaces of these proteins ( Fig. 2A) . A crystal structure of the eIF4A-eIF4G complex, together with an NMR-based map of the eIF4A-eIF4G interaction, revealed that this region of eIF4A is the predominant eIF4G binding surface (Fig. 2B ) (27, 28) . The equivalent surface in Dbp5 contains several conserved or invariant residues. We used site-directed mutagenesis to disrupt five residues on this surface and tested whether they play a role in the Gle1-mediated activation of Dbp5 (Fig.  2C) . Three conserved acidic residues were individually mutated to lysine or alanine; two are at positions equivalent or nearly equivalent to acidic residues that participate in the eIF4A-eIF4G interaction (E323 and E353), and the third is an invariant residue in the conserved C-terminal helix of Dbp5 (E473). Two additional highly conserved residues were also targeted. K382, which is in a position equivalent to a basic residue (R312) involved with the eIF4A-eIF4G association, was mutated to (30) and Dhh1 (31) . Dbp5 CTD possesses two elements shown in red: an extended loop element after strand ␤5 (Top, arrow) and a conserved ␣-helix (Bottom, arrow) at its C-terminus that are not present in other structurally characterized DExD/H-box proteins.
glutamic acid, and T329, a nearly invariant residue on this surface, was mutated to alanine ( Fig. S1 ). Full-length Dbp5 mutant variants were expressed, purified, and tested for in vitro ATPase activity. With the exception of Dbp5 K382E , whose activity is about 64% that of WT, all other variants retained approximately WT levels of basal ATPase activity (Fig. 3A and Table  S2 ). Additionally, the Michaelis constant (K m ) for ATP for all the variants remains largely unchanged from WT, with the exception of the E353K variant, which is roughly 2-fold higher (Fig. S2) . Importantly, all variants retained the ability to be stimulated by RNA to at least a WT extent, demonstrating that the mutant proteins are functional for RNA binding and ATP hydrolysis and that the surface mutations do not affect the overall folding of Dbp5 (Fig. 3B) .
We then tested the ability of the Dbp5 variants to bind to Gle1. The interaction between Dbp5 and Gle1 in vitro is weak but can be robustly detected by the 2-hybrid assay (19) . We performed 2-hybrid analysis between full-length Dbp5 constructs and a C-terminal Gle1 fragment (257-538) driving the expression of a ␤-galactosidase reporter. None of the Dbp5 variants interacted with Gle1 as tightly as the WT protein (Fig. 3C ). Three variants in particular, K382E, E473K, and E323K, show a drastically reduced interaction by this method, suggesting that these residues are important for the binding of Dbp5 to Gle1.
To assess whether the reduced interactions observed by the 2-hybrid assay correlate with a reduction in the stimulation of Dbp5 by Gle1, we repeated the in vitro ATPase assay in the presence of Gle1. In accordance with the 2-hybrid analysis, none of the variant proteins are stimulated by Gle1 to the extent of the WT protein ( Fig. 3D and Fig. S3 ). The three variants that showed the weakest interaction by 2-hybrid assay are stimulated only Invariant residues (yellow) and residues corresponding to eIF4A/4G interaction hotspots (green) were chosen for in vitro and in vivo characterization. 
the interaction may be altered in such a way that Gle1 is unable to stimulate Dbp5 fully, although the 2-hybrid assay results suggest the former. In the presence of Gle1, RNA, and InsP 6 , the differences in ATPase activity between the variants becomes even more pronounced, with the K382E variant showing the most drastic defect: this variant displays only a 4-fold increase over its basal activity, whereas WT Dbp5 shows a 35-fold increase (Fig. 3E, Lower) . Together, these results demonstrate that the C-terminal surface of Dbp5 defined by residues K382, E473, and E323 plays an important role in binding to Gle1, and is therefore critical for Gle1's ability to stimulate Dbp5's ATPase activity.
The Interaction Between Dbp5 and Gle1 Is Important for Cell Growth and mRNA Export. We next tested the ability of the genes encoding these Dbp5 variants to support yeast growth by testing for their ability to complement a dbp5 null mutation in vivo. In an otherwise WT setting, dbp5 K382E was unable to support yeast growth, whereas all other variants were able to complement the null mutation (Fig. 4A) . Because the interaction between Dbp5 and Gle1 is positively regulated by InsP 6 , we also tested for complementation in an ipk1⌬ background (19) . IPK1 encodes the enzyme inositol 1,3,4,5,6-pentakisphosphate 2-kinase, which produces InsP 6 and has been shown to be synthetic lethal with alleles of GLE1, NUP159, and DBP5 (18, 19, 33, 34) . In ipk1⌬ cells, which lack the InsP 6 coactivator, the E323K and E473K variants are unable to support growth, as is the K382E variant (Fig. 4B) . Of note, these three Dbp5 alleles display the weakest interaction with Gle1 by the two-hybrid assay, the lowest activation by Gle1, and lowest overall ATPase activity in the in vitro ATPase assay (Fig. 3) , demonstrating a very tight correlation between our in vitro and in vivo results. Furthermore, these data suggest that minimal Dbp5 ATPase activity is required for yeast cells to survive. In the presence of InsP 6 , this threshold is not met in cells expressing the dbp5 K382E allele. In the absence of InsP 6 , the E323K and E473K variants also fail to reach the threshold and are unable to support growth.
In addition to these three nonconditional mutations, we identified a fourth variant, E473A, which displayed both temperature-sensitive and cold-sensitive phenotypes: dbp5 E473A was able to complement the dbp5⌬ mutation at room temperature but did not support growth at 37°C or 16°C (Fig. 4C and Fig.  S4 ). Additionally, the E473K variant is sick at both elevated and lowered temperatures (Fig. 4C and Fig. S4 ). We performed in situ hybridization experiments against poly(A) RNA in all the viable strains for cells grown at 30°C or after a 4-h shift to either 16°C or 37°C. At 37°C, the E3473K variant, as well as the E353K and E473A variants in an ipk1⌬ background, shows an accumulation of the poly(A) signal inside the nucleus, suggesting that the viability of these cells is compromised because of a defect in mRNA export (Fig. 5) , although the possibility that these mutations also affect Dbp5's role in translation has not been excluded (25, 26) . Additionally, the E353K and E473A variants in an ipk1⌬ background at 30°C show a weak mRNA export defect in some cells (Fig. S5) . No mRNA export defect could be observed for all the other variants and temperatures tested.
Discussion
In an effort to dissect the molecular details of Dbp5 activation by Gle1, we solved the crystal structure of the CTD of Dbp5. This structure allowed us to identify a surface on Dbp5 that is critical for the interaction with Gle1. Using structure-directed mutagenesis, we identified 3 charged residues that, when individually mutated, led to decreased ATPase activation by Gle1 and a concomitant reduction in viability. Interestingly, 2 previously identified dominant Dbp5 mutations also map to the identified Gle1 interaction surface (19) . The crystal structure allows us to investigate the environment surrounding these residues. The change from threonine to proline at position 322 is likely to have a helix-destabilizing effect, and the leucine-to-valine substitution at position 327 may affect the packing of the central helix with the Dbp5-specific C-terminal helix (Fig. S6) . A plausible explanation is that rearrangements of these Dbp5 helices occur on Gle1 binding and that this is facilitated by the specific amino-acid Cells harboring a dbp5⌬ mutation on the chromosome and a pURA3-DBP5 plasmid were transformed with LEU2-marked plasmids expressing the indicated dbp5 variants, grown in URA-positive medium to allow for loss of the URA3-marked plasmid, and tested for their ability to grow on 5-fluoro-orotic acid. The cells containing the dbp5 K382E variant do not grow, demonstrating that this variant is unable to complement the null dbp5⌬ mutation. (B) As in A, except in the presence of the ipk1⌬ mutation, which prevents InsP 6 production. In this sensitized background, the E323K and E473K mutations, in addition to the K382E mutation, are unable to support growth. (C) Viable strains from A and B were tested for their ability to grow at different temperatures. Five-fold serial dilutions of yeast from overnight cultures were prepared and plated on rich media and incubated for 5 days at the indicated temperatures. In an ipk1⌬ background, the dbp5 E473A mutation confers a temperature-sensitive phenotype: it supports growth at 25°C but not at 37°C. Additionally, the dbp5 E473K allele in an otherwise WT background is sick at 37°C.
substitutions of the dominant mutations. The Dbp5-Gle1 interaction surface is in a similar position to the predominant interaction surface between eIF4A and eIF4G, suggesting a conserved mechanism by which these two DExD/H-box proteins, and potentially other members of the DExD/H-box family, interact with and are stimulated by their cellular activators (27, 28) . Interestingly, in addition to an interaction with the Cterminus, eIF4G can weakly interact with the N-terminal RecA domain of eIF4A (27) . It will be important to test if similar weak interactions also exist between the N-terminal domain of Dbp5 and Gle1. As in the case of eIF4A and eIF4G, such interactions could help to close the conformation between the two RecA domains of Dbp5 and could contribute to the observed increased affinity for ATP and the increased ATPase activity in the presence of Gle1 (19, 20) . It should also be pointed out that N-terminal domains in Gle1, which are not present in the recombinant protein used for our in vitro ATPase experiments, could influence the Gle1-Dbp5 interaction. Secondary structure prediction indicates that the C-terminus of Gle1 adopts a purely ␣-helical fold and falls into a similar structural category as eIF4G, further indicating that these proteins may interact with members of the DExD/H-box family in a similar manner. Further studies, including structure determination of Gle1 or a Gle1/ Dbp5 complex, will be needed to investigate these ideas.
Our structure reveals two interesting differences between Dbp5 and other DExD/H-box protein structures: an ␣-helix, formed by a C-terminal extension beyond the predicted RecAlike fold, and a loop near the predicted RNA binding site, formed by a 6-residue insertion between motifs V and VI. The sequences that form these structural variations are conserved among Dbp5 orthologs but are not found in other DExD/H-box proteins. The insertion loop is close to the putative RNA binding surface, suggesting that it might affect or regulate the interaction of Dbp5 with RNA substrates. For example, it could play a role in the dissociation of specific protein-RNA complexes, either by forming a wedge that drives between protein and RNA or by kinking the RNA to a point where the RNA-protein interaction is no longer favored. However, it should be noted that these residues are not essential for viability or for mRNA export at temperatures up to 37°C (32) . Interestingly, they have been shown to play a role in the export of heat-shock mRNA at 42°C; however, at present, it remains unclear how this loop would specifically affect the export of heat-shock mRNAs at elevated temperatures (32) .
While this manuscript was in preparation, several additional Dbp5 structures were published (35) (36) (37) (38) . Two of these studies showed the N-terminal domain of Ddx19, the human ortholog of Dbp5, in complex with Nup214 (Nup159 in yeast) (35, 36) . One of these studies also showed Ddx19 in complex with RNA and demonstrated that Nup214 and RNA interact with Ddx19 through overlapping binding sites, suggesting that their binding is mutually exclusive (36) . Consistent with this, it was shown that increasing amounts of Nup214 can inhibit the RNA stimulation of Ddx19's ATPase activity (36) . Another structure of Ddx19 revealed that the extreme N-terminal extension forms a helix that fits between the two RecA folds and negatively regulates its ATPase activity (37) . Finally, solution structures of the Nterminal domain and CTD of S. cerevisiae Dbp5, as well as a crystal structure of Saccharomyces pombe Dbp5, were reported (38) . Interestingly, the C-terminal helix in our structure is observed in the solution structure of S. cerevisae Dbp5-CTD but is not present in any of the full-length structures (from human or S. pombe). Although this may suggest that this is a feature unique to the S. cerevisiae protein, it is intriguing that the conserved residue E473, which is important for the interaction between Dbp5 and Gle1, is located in this helix.
Some of the enzymatic parameters that we report here differ from our previously published results (19) . Many of these differences can be explained by changes in specific activity of the protein preparations attributable to differences in the purification procedures and by changes in the reaction conditions for the ATPase assays. However, the relatively large increase in the stimulatory effect of RNA that we observe here cannot be easily explained by subtle changes in the specific activity of Dbp5. Interestingly, it has recently been reported that the N-terminal region of the human ortholog of Dbp5, Ddx19, forms an ␣-helical ''switch'' that negatively regulates ATPase activity (37) . Constructs that lack this region are more active than the full-length Ddx19 and are not stimulated by the addition of RNA (37) . We have found that the N-terminal region of Dbp5 is slowly degraded over time as the purified protein is stored. It is therefore possible that some of the differences observed in this work compared with our previous results, particularly in RNA stimulation, are attributable to differing amounts of degradation at the N-terminus. In this work, we were therefore careful to use preparations of Dbp5 that were as fresh as possible and to purify all Dbp5 variants in parallel, enabling us to compare the relative rates of ATPase activity between the different Dbp5 variants accurately.
Our data show a tight correlation between in vitro ATPase activity of Dbp5 and in vivo viability. These data are consistent with previous work indicating that activation of Dbp5's ATPase activity is an essential function of Gle1 (19) . Our data suggest further that there exists a threshold level of Dbp5 ATPase activity required for yeast viability and mRNA export that is not met by the Dbp5 enzyme alone. This is demonstrated by the ATPase assays containing Dbp5, Gle1, and RNA, either in the presence or absence of InsP 6 (Fig. 3E) . These assays are the closest in vitro approximations to the in vivo setting of active Dbp5 in either a WT cell (with InsP 6 ) or an ipk1⌬ cell (without InsP 6 ) (Fig. 4 A and B) . In these assays, all conditions that gave 5 . Dbp5 alleles confer a defect in mRNA export. Cells were grown to midlog phase at 30°C and shifted to 37°C for 30 min (mex67-5) or 4 h (all others) before fixation. In situ hybridization was performed using a fluorescein-labeled oligo-(dT) 40 probe. The mex67-5 is shown as a positive control because it displays a strong and rapid accumulation of poly(A) inside the nucleus on temperature shift. DNA was stained with DAPI.
less than Ϸ5-fold WT Dbp5 activity represent in vivo settings in which the Dbp5 variant failed to support growth, whereas conditions that yielded between 6.5-and 40-fold WT Dbp5 activity represent those in vivo settings in which yeast cells were viable. The in vitro conditions that represent the temperaturesensitive dbp5 E473A ; ipk1⌬ strain show ATPase activity at Ϸ5-fold WT, which is very close to the identified threshold for viability.
Although it is not necessarily surprising that there exists a threshold level of Dbp5 ATPase activity that is required for mRNA export, it is interesting that this threshold is only met in the presence of its in vivo activators Gle1, InsP 6 , and RNA. This opens the possibility that, in vivo, the ATPase activity of Dbp5 could be modulated to regulate mRNA export. For example, it has been reported that during heat shock, bulk mRNA export is blocked and polyadenylated RNA accumulates inside the nucleus (39) . Whether this is the result of decreased Dbp5 ATPase activity is unknown, but potential regulation of Dbp5 could occur through the modulation of InsP 6 levels or availability. It would be therefore interesting to analyze if cellular InsP 6 levels fluctuate under various growth conditions. Further studies will be required to investigate if and when Dbp5 activity is modulated in vivo and if mRNA export is regulated in response to stresses or the activation of cellular signaling pathways.
Methods
Yeast Strains and Plasmids. Yeast strains used in this study are listed in Table  S3 . Plasmids used in this study are listed in Table S4 . For information on plasmid construction, see SI Text.
Protein Purification and In Vitro Assays. Protein purification and steady-state ATPase assays were performed essentially as previously described (19) , with some exceptions. Briefly, His6-Dbp5 variants were purified in two steps by Ni-affinity and cation exchange. His6-MBP-Gle1 (244 -538) was purified in one step by Ni-affinity. For details, see SI Text. Two-Hybrid Analysis. ␤-Galactosidase assays were performed as previously described (19) . Briefly, cells were grown to an A600 of 0.4 -0.6 in media containing 2% (wt/vol) galactose, collected, and disrupted using chloroform and SDS. ␤-Galactosidase activity was detected by using ortho-nitrophenyl-␤-galactoside as a substrate and measuring an increase in A420.
Microscopy. In situ hybridization against poly(A) RNA was done as previously described (19) . Briefly, cells were grown in yeast extract/peptone/dextrose medium at 30°C to an A600 of 0.2 to 0.6 and, when indicated, were transferred to 37°C for 30 min (mex67-5) or 4 h (all others) before fixation. Poly(A) RNA was detected using a fluorescein-labeled oligo (dT)40 probe, and DNA was visualized using DAPI.
Crystallization and Structure Determination. Selenomethionine-labeled Dbp5-CTD (residues 296 -482) was purified as previously described (18) . For details, see SI Text.
